We investigate nuclear abundances produced from the neutrino (ν)-process in supernova explosions. For the first time, we have calculated the ν-flux propagation including both its modification by ν self-interaction (ν-SI) near the ν-sphere and the Mikheyev-Smirnov-Wolfenstein (MSW) effect in the outer O-Ne-Mg layer. The abundances of heavier isotopes 92 Nb, 98 Tc and 138 La are largely enhanced by the ν-SI for the inverted mass hierarchy. The ratio of 7 Li/ 11 B is lower in the inverted hierarchy than in the normal hierarchy. Abundance ratios of the heavy to the light neutrino isotopes such as 138 La/ 11 B are sensitive to the mass hierarchy by the ν-SI.
The neutrino (ν)-process is the nucleosynthesis mechanism induced by the neutrinos produced in core-collapse supernova (SN) explosions [1, 2] . It is a unique nucleosynthesis process that only affects the abundances of some rare nuclei, such as 7 Li and 11 B [3, 4] , 19 F [5] , 92 Nb [6] and 98 Tc [7] , and 138 La, and 180 Ta [2, 8] , termed as ν-isotopes. A comparison of calculated ν-process abundances with observational abundances or meteoritic analyses can provide valuable information on the associated ν physics and supernova physics [2, [9] [10] [11] . For example, recent progress of meteoritic analyses has revealed the ratios at the solar system formation, 92 Nb/ 93 Nb 10 −5 [12] and 98 Tc/ 98 Ru < 6 × 10 −5 [13] . This enables one to use both ratios as nuclear cosmochronometers for the duration from the last SN to the time of solar-system formation based upon a detailed analyses of the ν-process [6, 7] . The previous studies also show that the ν-isotopic abundances are sensitive to neutrino energy spectra and that the ν process is a probe of the neutrino physics in the SN explosion.
However, there still remain some ambiguities in treating the ν interactions. One example is the ν mass hierarchy (MH), i.e., the normal hierarchy (NH) versus the inverted hierarchy (IH). The neutrino MH strongly affects the ν-flux and the subsequently produced ν-process * e-mail:cheoun@ssu.ac.kr abundances [4] . Another example is the matter enhanced ν oscillations, i.e., the MSW effect which gives rise to additional ν mixing from that of free space around the bottom of the C/O-rich layer [3, 4] . A third important aspect is the ν self-interaction (ν-SI) arising from ν-ν scattering [14, 15] . This is usually negligible, but near to the ν-sphere the ν-density approaches 10 32 cm −3 according to a Fermi-Dirac (FD) distribution [16] . This density is large enough that the ν-SI should be taken into account for the estimation of the ν-flux. In this paper, we report on the first ever systematic investigation of the ν-SI as well as the MSW effects on the ν-process.
All of the modifications due to the ν-SI and the matter effect in the propagating ν-flux can be taken into account by solving the following evolution equation for the ν(ν)-density matrix [14, 15] 
Here, M is the ν mass-matrix including the vacuum oscillations, while p and q are the momenta of the propagating and background neutrinos. The ν-density matrix ρ and the charged lepton number density matrix L are given by ρ αβ = ν α |ν β = Ψ ν α |Ψ Ψ|ν β and L αβ = (N α − Nᾱ)δ αβ with ν flavors α and β. N α(=e,µ,τ ) denotes the lepton number density and δ αβ is the Kronecker delta. The 1st and 2nd terms on the r.h.s. of Eq.
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(1) describe ν oscillations in vacuum and an additional matter effect, respectively. The electron number density is calculated with a constant electron fraction w.r.t. the baryon density given by a hydrodynamics model [17] . The muon and tau densities are assumed to be negligible in this work. The non-linear ν-ν scattering term is taken into account in the 3rd term.
The evolution of the ν-flux by the ν-SI is achieved by solving Eq. (1) for the ν distribution function, f (r; ν , T να ) = f F D ( ν , T να ) ρ(r; ν ) , which is normalized with the angle averaged ν-density matrix ρ(r; ν ) . The differential ν-flux considered in this work is defined as follows
where L ν (t) is the ν luminosity. Numerical results in Fig.  1 are obtained using a multi-angle approach as in Ref. [18] . They show how the ν-flux emitted from the ν-sphere is modified by the ν-SI. Initial conditions are adopted from Refs. [4, 19] . The ν luminosity is normalized at t = 1 s and the ν temperatures are taken as T νe = 3.2 MeV, T νe = 5 MeV and T νx = 6 MeV (ν x = ν µ , ν τ , ν µ and ν τ ), respectively. The neutrino and electron densities near the ν-sphere play vital roles on the ν-process in the SN environment. For instance, if the electron density is much higher than the ν-density this causes a suppression of the ν-SI effect [20] . However, as the shock wave propagates, the electron density decreases, so that the flavor change by the ν-SI becomes significant in the outer region [21] . This implies that the ν-SI depends on the hydrodynamics and it becomes important to know the critical condition when the ν-SI becomes significant. Once the ν-flux is changed by the ν-SI, the flux distributions retain their shapes until they undergo the MSW effect.
The baryon matter density is described by the hydrodynamic evolution. It heavily depends upon the SN model employed. Although there are many SN hydrodynamics models, we adopt the phenomenological model of Fogli [17] . We take a density profile for the inner region approximated as a power law and assume that it remains valid for t ≤ 1s. Usually, the phenomenological model is obtained by a fitting to a realistic result from a hydrodynamics model. The SN model may have many uncertainties because of the artificial means employed to induce the explosion. In this context, the Fogli model is useful for initial conditions to study the roles of the ν physics in the SN nucleosynthesis.
Neutrinos in the inner region calculated by the Fogli density profile propagate from r = 10 km to 1000 km. Beyond that, the flux is unchanged by the ν-SI. We only calculate the IH case because the NH scheme exhibits very little ν-SI effect [18] . The ν e (ν x=µ,τ ) flux at 1000 km is lower (higher) than the original flux from the surface of ν-sphere in the energy range of ∼ 8 − 17 MeV. However, the situation is reversed in the higher energy region above the point of equal flux for the three flavors. For theν e andν x flux case, one finds similar tendencies [18] . The energy-and time-dependence of the ν-flux affect the ν reactions because the reaction rates depend upon the ν-flux and incident energy [22] .
Beyond the outer region above 2000 km where the ν-process is investigated in detail, the MSW effect plays a significant role. Therefore, we need the temperature and density profiles from the shock propagation. We utilize the pre-supernova (pre-SN) model of Refs. [23] [24] [25] . This model was developed for SN1987A. It is for a 16.2 M progenitor with a 6 M He core mass. It assumes a metallicity of Z = Z /4 which is much smaller than the solar metallicity of Z = 0.019 adopted in Ref. [2] .
For the ν-process, we need ν-nucleus reaction cross sections. In this work we utilize the numerical results of Ref. [4] for the light nuclei. These were calculated in a fewbody model for the 4 He reaction and in a shell-model for 12 C. For the heavy nuclei, ν-induced reactions are calculated in the quasi-particle random phase approximation through many multipole transitions dominated by the Gamow-Teller transition [26, 27] .
Neutrino reaction rates in SN explosion are calculated as follows
Here t 1 = 1 s and φ ν β (t, r; ν β ) is the ν β -flux modified by the ν-SI. The ν reaction cross section, σ να , is multiplied by the branching ratio, Br( ν ), of the excited states calculated using the statistical method [28] . The flavor transition probability, P ν β να , included the ν oscillations in matter based upon the mixing parameters in Ref. [29] . Other relevant nuclear reactions include the (n,γ) reactions on nuclei in the A ∼ 100 mass region. We utilized the (n,γ) reaction data [30] for the explosive nucleosynthesis in which local systematics of the Hauser-Feshbach model parameters were carefully investigated to infer the theoretical prediction for the unstable nuclei to obtain the realistic abundances after the weak s-process [7] . In Fig. 2 (a) This trend can be understood by the general form of neutrino-induced reaction rate which is proportional to the neutrino flux scaling as r −2 . A valley around the M r ∼ 4 M region stems from strong destruction via the (n,γ) reactions behind the shock heating. Another valley in the region of M r < 2.0 M comes from the photodisintegration of the pre-SN elements. These are almost identical to previously published results [6] . Abundances of 92 Nb, 138 La and 180 Ta are shown to be produced mainly inside the O-Ne-Mg layer (∼ 2 − 4 M ) by the ν-process as has been previously noted [2, 6] . In the outer region of M r 4.4M the abundances come mainly from the ν-process.
Abundances for the ν-SI included case are denoted by solid lines. Most of the heavy nuclei are shown to be mainly produced inside the MSW region independently of the ν-flux type. Thus, the effect of ν-SI is observed in the abundances of heavy isotopes. The ν-SI increases the heavy element abundances throughout the whole stellar region, except for 180 Ta whose abundance was not changed by the ν-SI in the main production region. The increased abundances by the ν-SI are attributed to an increase of the ν-flux in the high energy region. Figure 2 (b) shows integrated masses in the case with the ν-SI included compared to those without the ν-SI. Although most of the heavy nuclei are produced inside the MSW region, these ratios are also given for both MH schemes including the MSW effect. For the NH case, neither the ν-SI nor the MSW affects the heavy element abundances. This is because there is no discernible change of the ν-flux inside the ν-process region. In contrast, one can note interesting consequences of the MSW mixing and the ν-SI in the IH case. The ν-SI effect increases the 92 Nb, 98 Tc and 138 La abundances by a factor of three to four because of the high energy tail from the swapped ν spectra.
The insensitivity of the 180 Ta production to the ν-SI and the MH scheme and the constant abundance in the inner layer of M r = 2.2 − 3.5M in Fig. 2 (a) come from the fact that, in the present pre-SN model, most of the 180 Ta are not produced via the ν-process. Rather it existed from the pre-SN stage. Figure 3 shows the abundances of the light element, 7 Li and 11 B, including the ν-SI and the MSW effect. This figure illustrates that the main production regions are the outer region above the MSW layer from 4.5-5.5 M . Both elements are notably increased by the ν-SI. This is because the increased ν e -flux in the high energy tails increases the ν reaction rates in the whole mass region 2.0 < M r < 5.5 M . If one ignores the ν-SI, the light nuclear abundances depend upon the MSW effect and the MH as discussed in Ref. [4] . This is because of the rapid change of the ν transition probability in the MSW region. Therefore, several previous papers [4, 9, 10] have argued for the possibility to deduce the ν MH from the light element abundances. In order to study the MSW effect [4] in detail, we present the results in the cases with and without the MSW effects. Both the FD and ν-SI results in Fig. 3 (a) show only a few percent deviation by the MSW effect over the whole mass region.
For a quantitative understanding, in Fig. 3 (b) we show explicitly the ν-SI and MSW effects on the total integrated masses. We note that the ν-SI effect does not change the integrated mass for the NH case (see hatched histograms). However, for the IH scheme, it increases the abundances by about 5 ∼ 30% for 7 Li and 11 B. This comes from the high energy tails above 17 MeV in the ν eflux increased by the ν-SI. The ν-SI increases 7 Li and 11 B by about 5 and 20%, respectively when the MSW effect is included. Nevertheless, the ν-SI effect in light elements is much smaller than it is for the heavy elements.
One interesting point is that the IH scheme with the MSW effect always increases the abundances of both nuclei for a FD distribution. But, if the MSW and the ν-SI are switched on together, they are decreased by about 5% due to the MSW effect. This is because the flavor change at the MSW resonance converts the larger ν e flux at high energies to a lower flux.
In a nutshell, the ν-SI does not affect the abundances for the NH case, but increases them for the IH case. The MSW effect increases (decreases) the abundances if we include the ν-SI in the NH (IH) scheme.
This trend could be understood by the contribution of ν e . The contribution of CC reactions of ν e dominates in production of 92 Nb, 138 La and 180 Ta. In contrast, in light ν-isotope synthesis, the CC reactions ofν e and NC reactions also have contributions of the same order of magnitude as that of CC ν e reactions. Thus, the relatively small enhancements in 7 Li and 11 B abundances are understood simultaneously with those of heavy ν-isotopes consistently.
Finally, in Fig. 4 (a) , we illustrate the MH dependence of the light-element abundance ratio, 7 Li/ 11 B. Without the ν-SI, the MSW always increases this ratio [31] . However, with the ν-SI, the MSW either increases the ratio for the NH case, or decreases the ratio for the IH case. For the case with the MSW effect, the yield ratio is not changed by the ν-SI effect in the NH scheme while it is decreased by 20% in the IH scheme. It turns out that the NH choice predicts about 20 ∼ 30% increase compared to the IH scheme. For reference, a constraint on the Li/B ratio of the SN yield estimated by the Bayesian analysis of the ratio data [10] is shown in this figure. This constraint is derived under the assumption that the observed presolar grains formed from well-mixed matter with solar composition and fully-mixed supernova ejecta. For further analysis of the MH, we need more accurate meteoritic data with certain detections of anomalies in 7 Li and 11 B isotopic ratios. The previous study on the ν-process without considering both the ν-SI and the MSW effects [2] concluded that enough 138 La is produced by the ν-process, while the 11 B is overproduced. The present result shows that in the IH case, the 138 La abundance is increased by a factor of 4, whereas the 11 B abundance is enhanced by only 20%. Therefore, in Fig. 4 (b) , we present a ratio of the production factor of 138 La/ 11 B, which is significantly increased in the IH scheme when the ν-SI is taken into account.
In conclusion, we have included for the first time the effects of both the ν-SI and MSW mixing on ν-process nucleosynthesis in SN explosions. The ν-flux was evaluated by solving the evolution equation for the ν-density matrix that includes terms for the ν-SI as well as ν oscillations in both the vacuum and matter. The ν-SI turns out to surprisingly have a significantly larger effect on the ν-process in SN explosion than the MSW effect.
The heavy ν-isotopes are enhanced by a factor of 3-4, whereas the light isotopes are increased by only 5-30% in the IH case. The enhancement of the ν-isotopic abundances can be understood systematically by the contribution of ν e in the high energy region above 17 MeV after the ν-SI near the ν sphere. The introduction of the ν-SI is shown to partially cancel the MSW effects on the ν spectral changes. Consequently, the ν-SI decreases the light-element abundances compared to the case without the ν-SI effect in the IH scheme. However, abundance ratios of heavy to light ν-isotopes such as 138 La/ 11 B turn out to be more sensitive to the MH. Therefore, the ν-SI should be taken into account along with the MSW effect when considering dense ν systems as the source for the ν-process and to constrain the neutrino MH.
